48 Ca + 243 Am were studied with the TASISpec set-up at the gas-filled separator TASCA at the GSI Helmholtzzentrum für Schwerionenforschung. Amongst the detected thirty correlated α-decay chains associated with the production of element Z = 115, two recoil-α-fission and five recoil-α-α-fission events were observed. The latter are similar to four such events reported from experiments performed at the Dubna gas-filled separator. Contrary to their interpretation, we propose an alternative view, namely to assign eight of these eleven decay chains of recoil-α(-α)-fission type to start from the 3n-evaporation channel 288 115. The other three decay chains remain viable candidates for the 2n-evaporation channel 289 115.
In the quest for enhanced nuclear stability in the region of superheavy elements (SHE) -frequently defined as those with Z ≥ 104 -the two elements flerovium (Fl, Z = 114) and livermorium (Lv, Z = 116) have recently been officially approved [1] . The interpretation of data on odd-Z elements, however, is more challenging, while the study of nuclei with odd numbers of nucleons can be especially rewarding: The extra hindrance and thus delay for spontaneous fission (SF) renders other decay modes such as α decay and electron capture (EC) even more likely. Consequently, odd-Z nuclei potentially give rise to decay chains with more α-decay members than even-Z ones. Additionally, α decay of odd-A or odd-odd nuclei most often proceeds into excited states in the daughter nucleus, because unpaired nucleons typically tend to remain in the same single-particle orbitals as in the α-decay parent [2, 3] . Observation of electromagnetic decays from these excited states can thus elucidate the low-lying nuclear structure of the daughter [4] . Such experimental studies have recently reached decay chains of element Z = 115 [5] , while observations of odd-Z elements beyond Rg have been reported up to Z = 117. See, e.g., Refs. [6] [7] [8] [9] [10] [11] [12] and references therein.
The expected complex nuclear structure of odd-Z nuclei of SHE can easily translate into complex α-decay sequences. Interestingly, however, for the description of many of the hitherto published Z ≥ 113 decay chains it appears to suffice with just one type of α-decay sequence per isotope, be it 278 113 [12] , 287−289 115 [9] , or 293,294 117 [10, 11] (see also references therein). This simple but surprising picture might be due to limited statistics, combined with possibly comparable decay energies and half lives of different decay branches of a given isotope.
In this paper, new data on recoil-α-(α)-SF events stemming from element Z = 115 are presented. A comprehensive assessment including corresponding data from Ref. [9] implies more complex decay sequences of 288,289 115 than presented in previous reports on these isotopes [8, 9, 13] . It is demonstrated that the plain length of an α-decay chain is not necessarily a good descriptor to define the reaction channel.
The Universal Linear Accelerator (UNILAC) at the GSI Helmholtzzentrum für Schwerionenforschung, Darmstadt, Germany, provided a 48 Ca 8+ heavy-ion beam with a typical intensity of 6 × 10 12 ions per second, averaged over the pulsed structure of the UNILAC (5 ms beam on and 15 ms beam off). The experiment was conducted at two beam energies: Beam integrals of 2.13(12) and 3.89(23) × 10 18 48 Ca ions were collected at 5.400 and 5.462 MeV/u, respectively.
At the entrance of the recoil separator TASCA [14] [15] [16] the beam particles hit one out of four target segments, which were mounted on a rotating target wheel [17] . The thicknesses of these segments averaged to 0.83(1) mg/cm 2 243 Am 2 O 3 . The 243 Am material originated from the Oak Ridge National Laboratory. At Mainz University, the 243 Am was electroplated onto 2.20(5) µm thick titanium backing foils [18] . The 48 Ca beam first had to pass through these foils. Estimates for the energy-loss of 48 Ca ions in titanium and 243 Am 2 O 3 lead to mid-target beam energies of 242.1 and 245.0 MeV [19] . Based on the Myers-Swiatecki mass table [20] , these laboratory energies convert into compound nucleus excitation energies of E * = 32.4-37.9 MeV and 34.8-40.3 MeV across the target layers.
TASCA, filled with He-gas at p He = 0.8 mbar [21] , was used in its so-called high-transmission mode and set to center ions with a magnetic rigidity of Bρ = 2.21 Tm in the focal plane for the major part of the experiment [22] . The multi-coincidence spectroscopy set-up TASISpec [23] was placed in TASCA's focal plane. The efficiency for transmitting element Z = 115 fusion-evaporation residues through TASCA and into TASISpec amounts to 30(3)% [22, 24] .
Five 32 × 32-strip double-sided silicon strip detectors (DSSSD) form the heart of TASISpec. The ions passing TASCA are implanted in one of 1024 pixels of the downstream DSSSD, which is 6 × 6 cm 2 in area and 0.52 mm thick. Four additional DSSSDs of the same size but 1.0 mm thick are placed upstream. They are sensitive to charged-particle decay radiation emitted from the implanted ions into the backward hemisphere. Detector strips of these four DSSSDs were paired together electrically, i.e., they are handled effectively as 16 × 16-strip DSSSDs giving rise to another 1024 pixels. To detect photons coincident with charged-particle decays registered by the DSSSDs, five large, composite germanium detectors were placed closely behind each of the five DSSSDs [23] .
The 96 preamplified signals [25] from the n-doped sides of the DSSSDs were recorded based on standard analog electronics [23] . The preamplified signals of the p-doped sides were digitized as 70-µs long traces by 60 MHz, 12-bit sampling ADCs [26] . The signals of the germanium detectors were handled by commercial 100-MHz, 16-bit sampling ADCs. The data acquisition was triggered by a coincident signal from a p-side and n-side strip of the implantation detector. The latter limits the energy threshold of the trigger to some 400 keV deposited. This is a condition, which is in practice always fulfilled by 10 MeV α-decays. Time-averaged (cf. pulsed UNILAC beam structure) trigger rates were typically 100-120 events per second. Beam on-off status and irradiated target segment number were recorded as well. The data acquisition system also provided the possibility to send a signal to the UNILAC control system to switch off the primary 48 Ca beam upon detection of an 8.5-11.0-MeV particle in one of the n-side strips of the implantation DSSSD during UNILAC beam-off periods. The beam was then chopped within 20 µs for periods of 5-60 seconds [5] .
Si-and Ge-detector calibrations were performed using various radioactive sources in conjunction with precision pulser signals. During the offline data analysis, the calibrations were cross-checked with known α-decay as well as γ-ray energies of background radiation mainly from transfer reaction products reaching the TASISpec implantation detector. More details on the detector setup, electronics, data storage, and data analysis can be found in Refs. [5, [27] [28] [29] [30] .
As outlined in Ref. [5] , a search for time-and position-correlated recoil-α-α, recoil-α-SF, and recoil-SF sequences was conducted using • 11.5 < E rec < 18.0 MeV, beam on; • 9.0 < E α1 < 12.0 MeV, ∆t rec−α1 = 5 s, beam off, or 10.0 < E α1 < 12.0 MeV, ∆t rec−α1 = 1 s, beam on; • 9.0 < E α2 < 11.0 MeV, ∆t α1−α2 = 20 s, beam off, or 9.5 < E α2 < 11.0 MeV, ∆t α1−α2 = 5 s, beam on; • E SF > 120 MeV, ∆t α1−SF = 30 s, beam off.
During beam-off and background measurement periods, only 64 fission events were recorded in total. Most of these were correlated with one of the thirty α-decay chains, or could be associated with short-lived recoil-SF events of transfer reaction products such as 242m Am. The thirty identified chains associated with the production of element 115 contain 23 five-α long chains. The spectroscopic results on these have been communicated in Ref. [5] , further described in Refs. [28, 29] , and are to be detailed in a forthcoming publication [30] . One of those 23 long chains was assigned to originate from the isotope 287 115, and 22 from 288 115 [5] . The combined data of these 22 decay chains and 31 corresponding ones from Ref. [9] are shown at the bottom of Fig. 1 . The black histograms in Fig. 1 are the experimental spectra. In panels (a)-(c), the number of correlation times available to derive the half-life, T 1/2 , of a given decay step is 47, 46, and 47, respectively. The expected time distributions for the corresponding half-lives are indicated by the shaded areas. In Figs. 1(d) and (e) the shaded areas relate to Geant4 Monte-Carlo simulations [32, 33] , which are based on decay schemes suggested in Refs. [5, 28, 29, 33] . In short, one or several α decays populate excited states in the daughter nucleus. The excited states decay primarily via internal conversion. Energy summing of a detected α particle and one or more registered conversion or Auger electrons readily explains the relatively broad energy distributions observed.
To assess whether distributions of experimental correlation times are compatible with the assumption that each step can be described by one single half-life, a relatively "new test for random events of an exponential distribution" [34] was applied to the 53 chains. This is done (i) for the full data set, and (ii) subdivided into six data sets corresponding to the six different 48 Ca beam energies exploited in Refs. [5, 9] . The result of this test can be found in Table IV and Fig. 4 of the Supplemen-tal Material (SM) [31] . There is no clear hint towards the need of assuming the decay of more than one radioactive species for any of the decay steps of these 53 chains, thereby concurring with previous interpretations [9, 28, 29] . Therefore, and this is the most relevant result in the context of the present work, they serve as reference for the 3n evaporation channel 288 115. The focus lies now on the interpretation of two recoil-α-SF (denoted C1,C2) and five recoil-α-α-SF (C3-C7) events from the present work, and four similar recoil-α-α-SF chains published by Oganessian et al. (D1-D4) [9] . Three decay scenarios are illustrated in Fig. 2 [6, 8, 10, 35] . Presence of links between decay chains associated with elements 115 and 117 are neither questioned nor subject of the present work.
The experimental results of the eleven recoil-α(-α)-SF chains are summarized in Table I . The number of chains of a given type expected to arise from random background in the whole implantation DSSSD, N random , is calculated according to Ref. [36] . Here, escape events relate to energies up to 4 MeV in a DSSSD pixel, while 9-11 MeV is set for full energy and reconstructed events. The time periods used in the calculations are 2 s, 10 s, and 50 s for decay steps one, two, and three. These correspond to roughly ten times the respective average halflives of the scenarios (cf. Fig. 1 ). Count rates per pixel are determined in the two pre-defined energy ranges separately for beam-on and beam-off periods. Essentially, the non-random origins of TASISpec chains C1-C7 are defined by the overall small number of fission events observed during beam-off periods, in combination with the rather short time periods, ∆t, between the detected recoil implantation and subsequent fission events.
The individual correlation times and decay energies of the eleven recoil-α-(α)-SF chains are also provided in Fig. 1(a) -(e), labeled with C1-C7 and D1-D4, respectively. At first glance, there seems to be very little if any difference in the distribution of these data points compared with the suggested reference distributions of the 53 five-α long chains associated with 288 115 (see above). Interestingly, none of the previous publications on decay chains associated with elements 115 and 117 (see, e.g., Refs. [7] [8] [9] [10] 35 ] dwells on this obvious similarity. Instead, it has essentially been argued that the length of a decay chain is a sufficient descriptor of its origin: For example, all five-α long chains observed at low excitation energies of the compound nucleus 291 115, E * < 37 MeV, were associated with the decay of the 3n evaporation channel 288 115, whilst chains D1-D4 were interpreted to originate from the 2n evaporation channel 289 115 [9] .
Columns 2 ('3n') and 3 (C1-C7, D1-D4) of Table II provide the half-life analyses of correlation times. This very simple decay scenario, essentially based on the observed length of a decay chain, implies a ratio of maximum production cross-sections R σ = σ(2n)/σ(3n) ≈ 0.5 (cf. Ref. [9] and Table III ). Such high relative or absolute yields of the production of the 2n reaction channel 289 115 are not necessarily consistent with expectations from nuclear reaction theory [37, 38] . Systematic studies of fusion-evaporation reactions leading to heavy or superheavy nuclei [39] also prefer R σ 10%. Secondly, a closer look at Fig. 1 suggests that chain D3 is neither compatible with the 3n reference values nor the average of the remaining ten recoil-α-(α)-SF events (cf. column 4 of Table II ): all three decay times of D3 reach significantly beyond the upper limit of the respective reference time distribution. Its energy E 2 is also significantly lower than that of all other chains. While a single extreme value would not pose a statistical problem, the fact that in chain D3 four out of five observables differ significantly from the expectations does.
This observation is turned into a more robust figureof-merit (FoM). It provides a measure for the congruence of the time sequence of the first decay steps of a single (element 115) chain with respect to the average of a certain 'reference' ensemble of (element 115) chains. For each of the decay steps, i = 1, 2, 3, the value P i is the reference probability density function for correlation times in logarithmic-sized bins (see Ref. [34] ) evaluated for the measured correlation time. Thereafter, it is normalised with the constant e such that the values range from 0 to 1. Figure 1 shows the form of the functions, here normalised to the amount of data. To account for the uncertainties in the reference half-lives, P i is given the value 1 whenever the correlation time is within the confidence limits. If it is above (below) the confidence interval, the upper (lower) limit is used. To be able to compare chains with differing numbers, n, of decay steps, the FoM= P t = n P i is calculated as the geometric average. Deviations in decay energy only serve as supportive argument, since the comprehensive data of element 115 decay chains rather suggests a range of energies than distinct peaks for decay steps 115 → 113 and 113 → Rg [5, 29] .
The rightmost columns in Table I list P t for the three decay scenarios proposed in Fig. 2 . For more detailed statistical assessments see Tables SM VI-X. In short, P t 50% appears to be a solid indicator for congruence. In turn, P t 25% signals a decay chain different from the reference.
'Scenario 1', cf. Fig. 2 (a): Outstandingly low values of P t (D3)=0.10%, 18%, and 0.074% are obtained for chain D3 when cross-checked versus the 53 five-α-long chains, the average of all eleven, or the remaining ten recoil-α-(α)-SF chains, respectively (cf. Tables I and SM VI-VIII). The conclusion is that chain D3 is not compatible with any subset of the other element 115 decay chains. D3 thus represents a single but distinct decay sequence starting from a given state of a certain isotope of element 115. Note that it is not the intention to question the existence of this chain as such. In fact, according to our interpretations, D3 remains a valid candidate to be attributed to 289 115 (see below). Note also that the decay times of D3 are similar to the chain 289 Fl→ 285 Cn→ 281 Ds [7, 16, 40] . This decay sequence can in principle be entered by EC decay of 289 115 or 285 113. However, both α-decay energies measured for D3 differ distinctively from the ones expected for the mentioned even-Z chain. Therefore, this explanation for D3 is disregarded.
'Scenario 2', cf. Fig. 2(b) : In decay 'scenario 2', all the other ten recoil-α-(α)-SF chains -C1-C7, D1, D2, and D4 -are considered to start from the isotope 288 115. Comparing columns 2 and 4 in Table II and inspecting Fig. 2(a) , the correlation time analysis indicates essentially compatible half-lives for all three decay steps. There is no significant FoM difference between the congruence test of these ten chains among themselves ( FoM = 64%) and the values obtained when they are associated with decays of 288 115 ( FoM = 65%). There is, however, a clear improvement compared with plain averages of all eleven recoil-α-(α)-SF chains ( FoM = 52%, cf. Tables SM VII-IX Cn. This value is rather low for oddodd nuclei, because hindrance is expected from each of the two unpaired nucleons. Already for one unpaired nucleon, hindrance factors are typically above 1000 [44, 45] . Thus, we rather suggest EC preceding SF of the respective even-even daughter. The observation of SF or EC branches in this region of the nuclear chart is consistent with recent theoretical estimates [46, 47] (see especially Figs. 4 and 6 in Ref. [46] ). For the half-life analysis in Table II and Table SM V, SF of 284 113 and 280 Rg has been assumed, i.e., the short finite lifetime of a potential EC daughter has not been considered.
'Scenario 3', cf. Fig. 2 (c): Further examinations of Fig. 1 and Tables SM VII-IX reveal that C4 and D4 may have a common origin, which is different from that of all other chains: P t < 25% for both C4 and D4 in all hitherto discussed combinations, and in particular E 2 of chain D4 lies outside the typical window for α-decay energies of 284 113. The rather short correlation time of the observed fission event of chain D4 is also striking. Columns 5 and 6 of Table II provide the half-lives resulting from the correlation-time analysis of the remaining eight chains -C1-C3, C5-C7, D1-D2 -and C4 combined with D4, respectively.
The numbers in Table II indicate that there is no obvious reason not to assign the former eight chains with either SF or EC decay branches of decay chains starting with 288 115. Chains C4 and D4 may form a second decay sequence starting from 289 115, parallel to chain D3. It is consistent with -but not conditioned by -the detection of C4 at the lower beam energy of the present TASISpec experiment. Despite significant differences of the first decay steps of C4 and D4 we propose them to stem from the same level. Combining these two chains is the simplest approach within the available statistics ( FoM = 74%, cf. Table SM X). A related scenario could include also chain D1 into this subset, in this case based on a selection according to decay energy of the first decay step. Table III provides measured cross sections for the three decay scenarios shown in Fig. 2 . For 'scenario 1' the numbers would be consistent with Fig. 4 of Ref. [9] , but it implies too high values for the 2n channel (see above). In the preferred 'scenario 3', the cross-section of the 2n reaction channel 289 115 amounts to ≈ 1 pb at low excitation energies E * ≈ 34 MeV. This corresponds to ≈ 10% of the maximum cross-section of the 3n-channel around E * = 37 MeV and is in line with theoretical expectations. Figure 3 provides proton single-particle energies predicted by macroscopic-microscopic model parametrisations [48] [49] [50] and a Skyrme energy density functional [51] [52] [53] . Independent of the model or the parametrisation, the nuclear shape is predicted to change from near-sphericity towards prolate deformation along the decay chain 289 115→ 285 113 → 281 Rg. Most interestingly, however, all models suggest the same decay pattern, namely two independent α-decay chains: Exemplified by Fig. 3(b) , once 289 115 is created as final fusionevaporation product, excited states will decay by electromagnetic radiation into either a high-Ω positive-parity state (here: [606]13/2) or a low-Ω negative-parity state (here: [541]1/2). The two families (high-Ω and low-Ω) of Nilsson orbitals remain separate for the daughter 285 113 and grand-daughter 281 Rg, giving rise to two parallel α-decay sequences. The detailed predictions are highly model dependent and it is currently not possible to say which predicted decay sequence can be associated with the observed ones.
In summary, seven new recoil-α-(α)-SF events were observed following the fusion-evaporation reaction 48 Ca+ 243 Am. An assessment of these seven together with four previously published [9] decay chains suggests a revised decay scenario of isotopes of element 115: Eight of these eleven decay chains are interpreted to originate from 288 115. They represent either SF or EC decay branches of 284 113 and 280 Rg. The remaining three chains can account for two separate decay sequences of the isotope 289 115. Two parallel sequences are readily explained by a set of nuclear structure models. Clearly, more high-quality spectroscopic data near the barrier of the 48 Ca+ 243 Am reaction is needed to verify any proposed decay scenario of 288,289 115. This is also consid-ered necessary to establish statistically firm links towards 293 117. A comprehensive discussion of this subject is beyond the scope of the present paper.
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the associated correlation times of recoil-α-SF and recoil-α-α-SF decay chains observed in the 48 Ca+ 243 Am reaction. Entries in bold were recorded during beam-off periods. The number of γ rays detected in prompt coincidence with SF events, Nγ (SF), are also specified. N random corresponds to the number of chains of a given type expected to arise from random background [36] . Pt represents a figure-of-merit for the congruence of a single chain with a proposed decay scenario. See text, Fig. 2 , and Supplemental Material for details. The decay characteristics of the four chains listed in Table III in Ref. [9] are included for completeness, denoted D1-D4.
No. Tables VII, IX and X of the Supplemental Material.   TABLE II . Half-lives, T 1/2 , derived from the correlation times of decays of isotopes of Z = 115, Z = 113 and Rg. The column labeled '3n' relates to the reference decay chains associated with the 3n reaction channel in Refs. [5, 9, 28] . The other columns describe different scenarios (cf. Fig. 2 ) of the decay data from recoil-α-SF and recoil-α-α-SF events. data 3n C1-C7 C1-C7 C1-C3 C4,D4 selection [5, 9] D1-D4 D1,D2,D4 C5-C7 D1,D2 TABLE III. Number of chains and production cross sections, σ prod , of 287−289 115 derived for three decay scenarios (cf. Fig. 2 ) from the thirty decay chains observed in the TASISpec experiment (chains C1-C7 and 23 five-α long chains [5] ). The observation of a single decay chain relates to a production cross section of σ = 0.93(12) and 0.51(7) pb for mid-target beam energies 242.1 and 245.0 MeV, respectively. The systematic uncertainty accounts for uncertainties in beam integrals, target thickness, transport efficiency, and identification probability. Standard deviations of systematic uncertainties are given together with statistical uncertainties using a 68% confidence level [36] . 
FIG. 1. (Color online) Correlation times [(a)-(c)] and particle decay-energy spectra [(d) and (e)] of decay chains observed in the reaction
48 Ca+ 243 Am. The black histograms are reference spectra and relate to experimental data from the 53 chains associated with the 3n evaporation channel 288 115 in Refs. [5, 9, 28] . The shaded areas in panels (a)-(c) are the corresponding time distributions. The shaded areas in panels (d) and (e) are the energy distributions derived from Monte Carlo simulations as outlined in Refs. [5, 29, 33] . The data points of the eleven observed recoil-α-(α-)fission events are provided on top of each spectrum, labeled with an identifier according to Table I . Filled symbols indicate measurement during beam-off periods. Diamonds refer to data from Ref. [9] , and squares and circles refer to the present data observed at 242.1 and 245.0 MeV mid-target beam energy, respectively. 'n/a' means 'not applicable', 'escape' denotes events with low-energy detection solely in the implantation DSSSD. Rg. Panels (a) and (b) are based on two different macroscopic-microscopic approaches, MM1 [48, 49] and MM2 [50] . Panel (c) originates from the self-consistent Skyrme energy density functional UN-EDF1 [52, 53] . The results from UNEDF1
SO are similar to MM2 [53] . This Supplemental Material contains one figure and six tables to support the arguments in the main article. Figure SM 4 and Table SM IV provide a consistency check [34] of the 56 five-α long decay chains attributed to the decay of the 3n (53 chains) and 4n (3 chains) evaporation channel, 288 115 and 287 115, following the fusionevaporation reaction 48 Ca+ 243 Am at different beam energies and experiments [5, 9] . Table SM V is an extended version of Table II of the main article. It includes the results of the test proposed in Ref. [34] for different decay scenarios and subsets of decay chains associated with the eleven observed recoil-α-(α)-chains, which are considered to stem from element Z = 115.
Tables SM VI-X provide the individual number of a probability check of the first three decay steps of all hitherto published 67 decay chains associated with element Z = 115; Table SM VI lists the complete comparison with respect to the anticipated reference of the 53 five-α long decay chains originating from 288 115, while Tables SM VII-X relate to the different decay scenarios proposed and discussed in the main article. [34] are provided for each half-life analysis. The columns labeled '4n channel' and '3n channel' relate to the three and 53 decay chains associated with these reaction channels in Refs. [5, 9, 28] , respectively. The other columns describe different combinations of the decay data from recoil-α-SF and recoil-α-α-SF events detailed in Table I . This is an extended version of Table II.  data  4n  3n  C1-C7  C1-C7  C1-C3,C5-C7  C4,D4  C1, [5, 9] . The data are split according to six different excitation energies, E * , of the compound system 291 115 [20] . The average is plotted on the right hand side, with its error margin represented by the shaded rectangles. See Table SM IV for details. TABLE VI. Practical probability check of the first three decay steps of all hitherto published 67 decay chains (Refs. [5, 9] and present data set) associated with the direct production of an isotope of element Z = 115. For each of the decay steps, i = 1, 2, 3, Pi is the reference probability density function for correlation times on a logarithmic scale (see Ref. [34] ) evaluated for the measured correlation time. The values are normalised with the constant e, and given in percent. To account for the uncertainties in the reference half-lives, Pi is given the value 100 % whenever the correlation time is within the confidence limits. If it is above (below) the confidence interval, the upper (lower) limit is used. Pt = MeV or either too low or too high, respectively. These energy ranges are defined either by full-energy measurements given in Ref. [9] , and full-or reconstructed energy measurements provided in Ref. [5] , cross-checked with Geant4 simulations [5, 29, 33] . 'n/a' denotes incomplete or missing data. n/a <100 100 <100 n/a + 12 n/a <100 100 <100 n/a + Fig. 2(a) . Reference values are T 1/2 (Z = 115) = 0.26( Table II or column 5 in Table V [5, 9] . This corresponds to 'scenario 2' illustrated in Fig. 2(b) . Reference values are T 1/2 (Z = 115) = 0.18( Table II or column 6 in Table  V) 
